Modifications to quark and antiquark fragmentation functions due to quark-quark (antiquark) double scattering in nuclear medium are studied systematically up to order O(α 2 s ) in deeply inelastic scattering (DIS) off nuclear targets. At the order O(α 2 s ), twist-four contributions from quark-quark (antiquark) rescattering also exhibit the Landau-Pomeranchuck-Midgal (LPM) interference feature similar to gluon bremsstrahlung induced by multiple parton scattering. Compared to quark-gluon scattering, the modification, which is dominated by t-channel quark-quark (antiquark) scattering, is only smaller by a factor of C F /C A = 4/9 times the ratio of quark and gluon distributions in the medium. Such a modification is not negligible for realistic kinematics and finite medium size. The modifications to quark (antiquark) fragmentation functions from quark-antiquark annihilation processes are shown to be determined by the antiquark (quark) distribution density in the medium. The asymmetry in quark and antiquark distributions in nuclei will lead to different modifications of quark and antiquark fragmentation functions inside a nucleus, which qualitatively explains the experimentally observed flavor dependence of the leading hadron suppression in semi-inclusive DIS off nuclear targets. The quark-antiquark annihilation processes also mix quark and gluon fragmentation functions in the large fractional momentum region, leading to a flavor dependence of jet quenching in heavy-ion collisions.
Introduction
Multiple parton scattering in a dense medium can be used as a useful tool to study properties of both hot and cold nuclear matter. The success of such an approach has been demonstrated by the discovery of strong jet quenching phenomena in central Au + Au collisions at the Relativistic Heavy-ion Collider (RHIC) [1, 2, 3] and their implications on the formation of a strongly coupled quark-gluon plasma at RHIC [4, 5] . However, for a convincing phenomenological study of the existing and future experimental data, a unified description of all medium effects in hard processes involving nuclei, such as electron-nucleus (e + A), hadron-nucleus (h + A) and nucleus-nucleus collisions (A + A) has to be developed [6, 7] . This must include the physics of transverse momentum broadening [8] , strong nuclear enhancement in DIS [9] and Drell-Yan production [10, 11] , nuclear shadowing [12] , and parton energy loss due to gluon radiation induced by multiple scattering [13, 14, 15, 16, 17, 18, 19] .
There exist many different frameworks in the literature to describe multiple scattering in a nuclear medium [20, 21, 22] . Among them the twist expansion approach is based on the generalized factorization in perturbative QCD as initially developed by Luo, Qiu and Sterman (LQS) [23] . In the LQS formalism, multiple scattering processes generally involve high-twist multiple-parton correlations in analogy to the parton distribution operators in leading twist processes. Though the corresponding higher twist corrections are suppressed by powers of 1/Q 2 , they are enhanced at least by a factor of A 1/3 due to multiple scattering in a large nucleus. This framework has been applied recently to study medium modification of the fragmentation functions as the leading parton propagates through the medium [18, 19] . Because of the non-Abelian Landau-Pomeranchuck-Midgal interference in the gluon bremsstrahlung induced by multiple parton scattering in nuclei, the higher-twist nuclear modifications to the fragmentation functions are in fact enhanced by A 2/3 , quadratic in the nuclear size [18, 19] . Phenomenological study of parton energy loss and nuclear modification of the fragmentation functions in cold nuclear matter [24] gives a good description of the nuclear modification of the leading hadron spectra in semiinclusive deeply inelastic lepton-nucleus scattering observed by the HERMES experiment [25, 26] . The same framework also gives a compelling explanation for the suppression of large transverse momentum hadrons discovered at RHIC [27] .
The emphasis of recent studies of medium modification of fragmentation functions has been on radiative parton energy loss induced by multiple scattering with gluons. Such processes indeed are dominant relative to multiple scattering with quarks because of the abundance of soft gluons in either cold nuclei or hot dense matter produced in heavy-ion collisions. Since gluon bremsstrahlung induced by scattering with medium gluons is the same for quarks and anti-quarks, one also expects the energy loss and fragmentation modification to be identical for quarks and anti-quarks. However, in a medium with finite baryon density such as cold nuclei and the forward region of heavy-ion collisions, the difference between quark and anti-quark distributions in the medium should lead to different energy loss and modified fragmentation functions for quarks and antiquarks through quark-antiquark annihilation processes. To study such an asymmetry, one must consider systematically all possible quark-quark and quark-antiquark scattering processes, which will be the focus of this paper.
In this study we will calculate the modifications of quark and antiquark fragmentation functions (FF) due to quark-quark (antiquark) double scattering in a nuclear medium, working within the LQS framework for generalized factorization in perturbative QCD. For a complete description of nuclear modification of the single inclusive hadron spectra, one still have to consider medium modification of gluon fragmentation functions in addition to modified quark fragmentation function due to quark-gluon scattering [18] . The theoretical results presented in this paper will be a second step toward a complete description of medium modified fragmentation functions. However, one can already find that quark-quark (antiquark) double scattering will give different corrections to quark and antiquark FF, depending on antiquark and quark density of the medium, respectively. This difference between modified quark and antiquark FF may shed light on the interesting observation by the HERMES experiment [25, 26] of a large difference between nuclear suppression of the leading proton and antiproton spectra in semi-inclusive DIS off large nuclei. Such a picture of quark-quark (antiquark) scattering can provide a competing mechanism for the experimentally observed phenomenon in addition to possible absorption of final state hadrons inside nuclear matter [28, 29] .
The paper is organized as follows. In the next section we will present the general formalism of our calculation including the generalized factorization of twist-4 processes. In Section III we will illustrate the procedure of calculating the hard partonic parts of quark-quark double scattering in nuclei. In Section IV we will discuss the modifications to quark and antiquark fragmentation functions due to quark-quark (antiquark) double scattering in nuclei. In Section V, we will focus on the flavor dependent part of the medium modification to the quark FF's due to quark-antiquark annihilation and we will discuss the implications for the flavor dependence of the leading hadron spectra in both DIS off a nucleus and heavy-ion collisions. We will summarize our work in Section VI. In the Appendix A-1, we collect the complete results for the hard partonic parts for different cut diagrams of quark-quark (antiquark) double rescattering in nuclei. We also provide an alternative calculation of the hard parts of the central-cut diagrams in Appendix A-3 through elastic quark-quark scattering or quark-antiquark annihilation as a cross check.
General formalism
In order to study quark and antiquark FF's in semi-inclusive deeply inelastic leptonnucleus scattering, we consider the following processes, where L 1 and L 2 are the four momenta of the incoming and outgoing leptons, and ℓ h is the observed hadron momentum. The differential cross section for the semi-inclusive process can be expressed as
where p = [p + , 0, 0 ⊥ ] is the momentum per nucleon in the nucleus, q = L 2 − L 1 = [−Q 2 /2q − , q − , 0 ⊥ ] the momentum transfer carried by the virtual photon, s = (p + L 1 ) 2 the lepton-nucleon center-of-mass energy and α EM is the electromagnetic (EM) coupling constant. The leptonic tensor is given by L µν = 1/2 Tr(γ · L 1 γ µ γ · L 2 γ ν ) while the semiinclusive hadronic tensor is defined as,
where X runs over all possible final states and J µ = q e qψq γ µ ψ q is the hadronic EM current.
Assuming collinear factorization in the parton model, the leading-twist contribution to the semi-inclusive cross section can be factorized into a product of parton distributions, parton fragmentation functions and the partonic cross section. Including all leading log radiative corrections, the lowest order contribution [O(α 0 s )] from a single hard γ * + q scattering, as illustrated in Fig. 1 , can be written as
where the momentum fraction carried by the hadron is defined as 2 ) satisfies the DGLAP QCD evolution equations [30] :
where γ a→bc (z) denotes the splitting functions of the corresponding radiative processes [31, 32] .
In DIS off a nuclear target, the propagating quark will experience additional scatterings with other partons from the nucleus. The rescatterings may induce additional parton (quark or gluon) radiation and cause the leading quark to lose energy. Such induced radiation will effectively give rise to additional terms in the DGLAP evolution equation leading to a modification of the fragmentation functions in a medium. These are powersuppressed higher-twist corrections and they involve higher-twist parton matrix elements. We will only consider those contributions that involve two-parton correlations from two different nucleons inside the nucleus. They are proportional to the thickness of the nucleus [18, 23, 33] and thus are enhanced by a nuclear factor A 1/3 as compared to two-parton correlations in a nucleon. As in previous studies [18, 19] , we will limit our study to such double scattering processes in a nuclear medium. These are twist-four processes and give leading contributions to the nuclear effects. The contributions of higher twist processes or contributions not enhanced by the nuclear medium will be neglected for the time being.
When considering double scattering with nuclear enhancement, a very important process is quark-gluon double scattering as illustrated in Fig. 2 . Such processes give the dominant contribution to the leading quark energy loss and have been studied in detailed in Refs. [18, 19] . The modification to the vacuum quark fragmentation function from quark-gluon scattering is, where the +function is defined as
for any F (z) that is sufficiently smooth at z = 1 and the twist-four quark-gluon correlation function,
has explicit interference included. The matrix element in the virtual correction [the term with δ(z − 1)] is defined as
Since
is proportional to gluon distribution and independent of the flavor of the leading quark, the suppression of the hadron spectrum caused by quark-gluon or antiquark-gluon scattering should be proportional to the gluon density of the medium and is identical for quark and antiquark fragmentation. It was shown in Ref. [24] that such modification of parton fragmentation functions by quark-gluon double scattering and gluon bremsstrahlung in a nuclear medium describes very well the recent HERMES data [25] on semi-inclusive DIS off nuclear targets. In this paper, we will consider quark-quark (antiquark) double scattering such as the process shown in Fig. 3 and its radiative corrections at order O(α 2 s ) in Fig. 4 . The contributions of quark-quark double scattering is proportional to the quark density in a nucleon, while the contribution of quark-gluon double scattering is proportional to the gluon density in a nucleon; and the gluon density is generally larger than the quark density in a nucleon at small momentum fraction. However, as pointed out in earlier works [18] , quark-quark double scattering mixes quark and gluon fragmentation functions and therefore gives rise to new nuclear effects. The annihilation processes as shown in Figs. 3 and 4 will lead to different modifications of quark and antiquark fragmentation functions in a medium with finite baryon density (or valence quarks). Such differences will in turn lead to flavor dependence of the nuclear modification of leading hadron spectra as observed in HERMES experiment [25, 26] .
Quark-quark double scattering as well as quark-gluon double scattering are twist-4 processes. We will apply the same generalized factorization procedure for twist-4 processes as developed by LQS [23] for semi-inclusive processes in DIS. In general, the twist-four contributions can be expressed as the convolution of partonic hard parts and two-parton correlation matrix elements. In this framework, contributions from double quark-quark scattering in any order of α s , e.g., the quark-antiquark annihilation process as illustrated in Fig. 4 , can be written in the following form,
Here we have neglected transverse momenta of all quarks in the hard partonic part. Transverse momentum dependent contributions are higher twist and are suppressed by k 2 ⊥ /Q 2 , Therefore, all quarks' momenta are assumed collinear, k 2 = x 2 p and
where, in collinear approximation, the hard partonic part H , p, q, z h ) can then be factored out, which in turn will be combined with the partonic fields in Eq. (11) to give twist-four partonic matrix elements or two-parton correlations. The quark-quark double scattering corrections in Eq. (11) can then be factorized as the convolution of fragmentation functions, twist-four partonic matrix elements and the partonic hard scattering cross sections. For scatterings (versus the annihilation) with quarks (antiquarks), a summation over the flavor of the secondary quarks (antiquarks) should be included in two-quark correlation matrix elements and both t, u channels and their interferences should be considered for scattering of identical quarks in the hard partonic parts.
After factorization, we then define the twist-four correction to the leading twist quark fragmentation function in the same form [Eq. (3)],
3 Quark-quark double scattering processes
In this section we will discuss the calculation of the hard part of quark-quark double scattering in detail. The lowest order process of quark-quark (antiquark) double scattering in nuclei is quark-antiquark annihilation (or quark-gluon conversion) as shown in Fig. 3 . The hard partonic parts from the three cut diagrams in this figure are [18] :
The main focus of this paper is about contributions from the next-leading order corrections to the above lowest order process. There is a total of 12 diagrams for real corrections at one-loop level as illustrated in Fig. 5 to Fig. 16 in the Appendix A-1, each having up to three different cuts. In this section, we demonstrate the calculation of the hard parts from the quark-antiquark annihilation in Fig. 4 in detail as an example. We will list the complete results of all diagrams in Appendix A.
One can write down the hard partonic part of the central-cut diagram of Fig. 4 ( Fig. 5 in Appendix A-1) according to the conventional Feynman rule,
where δ + is a Dirac delta-function with only the positive solution in its functional variable, To simplify the calculation in the case of small transverse momentum ℓ T ≪ q − , p + , we can apply the collinear approximation to complete the trace of the product of γ-matrices,
According to the convention in Eqs. (11) and (12), contributions from quark-quark double scattering in the nuclear medium to the semi-inclusive hadronic tensor in DIS off a nucleus can be expressed in the general factorized form:
After carrying out the momentum integration in x, x 1 , x 2 and ℓ ± in Eq. (17) with the help of contour integration and δ-functions, one obtains the hard partonic part, H D , of the rescattering for the central-cut diagram in Fig. 4 (Fig. 5) as
where the momentum fractions x L is defined as
Note that the function I 5,C (y − , y
contains only phase factors. One can combine these phase factors with the matrix elements of the quark fields to define a special two-quark correlation function
The contribution from quark-antiquark annihilation in the central-cut diagram in Fig. 4 to the hadronic tensor can then be expressed as
Contributions from all quark-quark (antiquark) double scattering processes can be cast in the above factorized form.
The structure of the phase factors in I 5,C (y
is exactly the same as for gluon bremsstrahlung induced by quark-gluon scattering as studied in Ref. [18, 19] . It resembles the cross section of dipole scattering and represents contributions from two different processes and their interferences. It contains essentially four terms,
The first term corresponds to the so-called hard-soft processes where the gluon emission is induced by the hard scattering between the virtual photon γ * and the initial quark with momentum (x + x L )p. The quark then becomes on-shell before it annihilates with a soft antiquark from the nucleus that carries zero momentum and converts into a real gluon in the final state. The second term corresponds to a process in which the initial quark with momentum xp is on-shell after the first hard γ * -quark scattering. It then annihilates with another antiquark and produces two final gluons in the final state. In this process, the antiquark carries finite (hard) momentum x L p. Therefore one often refers to this process as double-hard scattering as compared to the first process in which the antiquark carries zero momentum. Set aside the change of flavors in the initial and final states, the double-hard scattering corresponds essentially to two-parton elastic scattering with finite momentum and energy transfer. This is in contrast to the hard-soft scattering which is essentially the final state radiation of the γ * -quark scattering and the total energy and momentum of the two final state gluons all come from the initial quark. The corresponding matrix elements of the two-quark correlation functions from these first two terms are called 'diagonal' elements.
The third and fourth terms with negative signs in I 5,C (y − , y
are interferences between hard-soft and double hard processes. The corresponding matrix elements are called 'off-diagonal'. The cancellation between the two diagonal and off-diagonal terms essentially gives rise to the destructive interference which is very similar to the Landau-Pomeranchuk-Migdal (LPM) interference in gluon bremsstrahlung induced by quark-gluon double scattering [18, 19] . One can similarly define the formation time of the parton (quark or gluon) emission as
In the limit of collinear emission (x L → 0) or when the formation time of the parton emission, τ f , is much larger than the nuclear size, the effective matrix element vanishes because
when the hard-soft and double hard processes have complete destructive interference.
We should note that in the central-cut diagram of Fig. 4 , the final state partons are two gluons. Therefore, in Eq. (20) the gluon fragmentation function in vacuum D g→h (z h /z) enters. If the other gluon (close to the γ * -quark interaction) fragments, the contribution to the semi-inclusive hadronic tensor is similar except that the corresponding effective "splitting function" should be replaced by
As we will show in Appendix A-1, the two gluons in the quark-antiquark annihilation processes (central-cut diagrams) are symmetric when contributions from all possible annihilation processes and their interferences are summed. Therefore, one can simply multiply the final results by a factor of 2 to take into account the hadronization of the second final-state gluon.
In addition to the central-cut diagram, one should also take into account the asymmetricalcut diagrams in Fig. 4 , which represent interference between gluon emission from single and triple scattering. The hard partonic parts are mainly the same as for the central-cut diagram. The only differences are in the phase factors and the fragmentation functions since the fragmenting parton can be the final-state quark or gluon. These hard parts can be calculated following a similar procedure and one gets,
In the asymmetrical cut diagrams, the above contributions come from the fragmentation of the final-state quark. Therefore, quark fragmentation function D q→h (z h /z) enters this contribution. For gluon fragmentation into the observed hadron in this asymmetrical-cut diagrams, the contribution can be obtained by simply replacing the quark fragmentation function by the gluon fragmentation function D g→h (z h /z) and replacing z by 1 − z. Summing the contributions from three different cut diagrams of Fig. 4 , we can observe further examples of mixing (or conversion) of quark and gluon fragmentation functions. This medium-induced mixing was first observed by Wang and Guo [18] and is a unique feature of quark-quark (antiquark) double scattering among all multiple parton scattering processes.
With the same procedure we can calculate contributions from all other cut diagrams of quark-quark (antiquark) double scattering at order O(α One also has to consider the interference of s and t-channel amplitude for annihilation into an identical quark pair,→(central-cut diagrams in Figs. 12 and 13) and the interference between t and u channels of identical quark scattering→(central-cut diagram in Fig. 14) .
Contributions from left and right-cut diagrams correspond to interference between the amplitude of gluon radiation from single γ * -quark scattering and triple quark scattering. The amplitudes of gluon radiation via triple quark scattering essentially come from radiative corrections to the left and right-cut diagrams of the lowest-order quark-antiquark annihilation in Fig 
Modified Fragmentation Functions
In order to simplify the contributions from quark-quark (antiquark) scattering (annihilation), one can first organize the results of the hard parts in terms of contributions from central, left or right-cut diagrams, which are associated by contour integrals with specific products of θ-functions,
These θ-functions provide a space-time ordering of the parton correlation and will restrict the integration range along the light-cone. For contributions from central, left and rightcut diagrams that have identical hard partonic parts, H
, they will have a common combination of θ-functions that produces a path-ordered integral,
that is limited only by the spatial-spread y − of the first parton along the light-cone coordinate. For a high-energy parton that carries momentum fraction xp
should be very small. Those contributions that are proportional to the above path-ordered integral are referred to as contact contributions (or contact interactions).
Similarly, y
is the spatial spread of the second parton and can only be limited by the spatial size of its host nucleon even for small value of momentum fraction. The spatial position of its host nucleon, y and therefore are nuclear enhanced. In this paper, we will only keep the nuclear enhanced contributions and neglect the contact contributions. This will greatly simplify the final results for double parton scattering.
qq → g annihilation
For the lowest order of quark-antiquark annihilation in Eqs. (14)- (16), the hard parts from the three cut diagrams are almost the same except for the parton fragmentation functions. The central-cut diagram is proportional to the gluon fragmentation function while the left and right-cut diagrams are proportional to quark fragmentation functions. Rearranging the contributions from the three cut diagrams and neglecting the contact term that is proportional to the path-ordered integral as in Eq. (33), the total contribution can be written as
According to our definition in Eq. (13) of the twist-four correction to the quark fragmentation functions, the modification to the quark fragmentation function from the lowest order quark-antiquark annihilation is then,
Here the effective quark-antiquark correlation function T
A(H) qq
(x, 0) is defined as,
with the antiquarkq i carrying momentum fraction x L . This two-parton correlation function is always associated with double-hard rescattering processes. Similarly, we define three other quark-antiquark correlation matrix elements
that are associated with hard-soft rescattering and interference between double hard and hard-soft rescattering. In the first parton correlation T
, the antiquarkq i carries momentum fraction x L while the initial quark has the momentum fraction x. The two-parton correlation T A(S)i (x, x L ) corresponds to the case when the leading quark has x + x L but the antiquark carries zero momentum. The two interference matrix elements are approximately the same for small value of x L and will be denoted as T
qq → q iqi annihilation
Contributions from the next-to-leading order quark-antiquark annihilation or quarkquark (antiquark) scattering are more complicated since they involve many real and virtual corrections. The simplest real correction comes from→ q iqi annihilation (q i = q) [ Fig. 10 and Eqs. (A-25) and (A-26)] which has only a central-cut diagram,
This kind ofannihilation is truly a hard processes and thus requires the second antiquark to carry finite initial momentum fraction x L . Furthermore, there are no other interfering processes.
Contributions from non-identical quark-quark scatteringi →i (q i = q) are a little complicated because they involve all three cut diagrams (central, left and right) [Eqs. (A-28)-(A-32)]. One can factor out the θ-functions in the hard parts according to Eq. (32) and re-organize the phase factors in each cut diagram,
such that the first three terms in each amplitude are the same. These three common phase factors will give rise to a contact contribution for all similar hard parts from the three cut diagrams, which we will neglect since they are not nuclear enhanced. The remaining part will have the following phase factors,
Note that the phase factors of the last two terms in the above equation give identical contributions to the matrix elements when intergated over y 
to form another contact contribution (path-ordered) which can be neglected. The final effective phase factor is then
Using the above effective phase factor, one can obtain the effective modification to the quark fragmentation function due to quark-antiquark scattering,
where three types of two-parton correlations are defined:
One can similarly obtain the modification of quark fragmentation from non-identical quark-quark scattering by replacingq i → q i in Eq. (44),
The two-quark correlations, T (45) and (46),
and T
A(HS) qq
Note that the contribution from fragmentation of quark q i or antiquarkq i only comes from the central-cut diagram. This contribution is positive and is proportional to T
, containing all four terms: hard-soft, double-hard and both interference terms . The gluon fragmentation comes only from the single-triple interferences (left and right-cut diagrams). Its contribution is therefore negative and partially cancels the production of q i (q i ) from the hard-soft rescattering. The cancellation is not complete since the gluon and quark fragmentation functions are different. The structure of this hard-soft rescattering (quark plus gluon) is very similar to the lowest order result of→ g in Eq. (35) . It contributes to the modification of the effective fragmentation function but does not contribute to the energy loss. The energy loss of the leading quark comes only from double-hard rescattering, since the leading quark fragmentation comes both from the central-cut and single-triple interferences, and the single-triple interference terms cancel the effect of hard-soft scattering for the leading fragmentation. Its net contribution is therefore proportional to T A(HI)i (q i ) . Since the double-hard rescattering amounts to elastici (q i ) scattering, the effective energy loss is essentially elastic energy loss as shown in Ref. [34] . There is, however, LPM suppression due to partial cancellation by single-triple interference contributions. For long formation time, 1/x L p + ≫ R A , the cancellation is complete. Therefore, LPM interference effectively imposes the lower limit x L ≥ 1/p + R A on the fractional momentum carried by the second quark (antiquark).
qq → qq scattering
For identical quark-quark scattering,→ qq, one has to include both t and u-channels, their interferences, and the related single-triple interference contributions. Using the same technique to identify and neglect the contact contributions, one can find the corresponding modification to the quark fragmentation function from Eqs. (48) and (A-45)-(A-49) ,
where the effective splitting functions are defined as
4.5→ qq, gg annihilation
The most complicated twist-four processes involving four quark field operators are quarkantiquark annihilation into two gluons or an identical quark-antiquark pair. We have to consider them together since they have similar single-triple interference processes and they involve the same kind of quark-antiquark correlation matrix elements, T
qq (x, x L ), (i = HI, SI, HS).
For notation purpose, we first factor out the common factor (C F /N c )α 
After rearranging the phase factors and identifying (by combining central, left and right cut diagrams) and neglecting contact contributions we can list in the following the twistfour corrections to the quark fragmentation from the hard partonic parts of each cut diagram (see Appendix A): Fig. 6 (interference between u and t-channel of→ gg),
Figs. 8 and 9 (interference of s and t-channel→ gg), 
Figs. 12 and 13 (interference between s and t-channel→ qq),
Figs. 15 and 16 (two additional single-triple interference diagrams),
Most processes involve both T A(HI) (x, x L ) for double-hard rescattering with interference and T A(SI) (x, x L ) for hard-soft rescattering with interference. All the s-channel (Figs. 7 and 10) processes involve double-hard scattering only. Therefore, they depend only on the T 
is a new type of interference matrix elements that is only associated with this type of single-triple interference processes. One can categorize the above contributions according to the associated two-quark correlation matrix elements and rewrite the above contributions as,
where P (s) qq→qq (z) is given in Eq. (52) and the effective splitting functions for→ gg and→are defined as
which come from the complete matrix elements of→ gg and→scattering (see Appendix A-3). Again, double-hard rescattering corresponds to the elastic scattering of the leading quark with another antiquark in the medium and the interference contributions. The structure of the hard-soft rescattering contribution we identify above shows the same kind of gluon-quark (or quark-antiquark) mixing in the fragmentation functions and does not contribute to the energy loss of the leading quark. The unique contributions in the→ qq, gg processes are the interference-only contributions. They mainly come from single-triple interference processes in the multiple parton scattering.
Modification due to quark-gluon mixing
We have so far cast the modification of the quark fragmentation function due to quarkquark (antiquark) scattering (or annihilation) in a form similar to the DGLAP evolution equation in vacuum. In fact, one can also view the evolution of fragmentation functions in vacuum as modification due to final-state gluon radiation. In both cases, the modification at large z h is mainly determined by the singular behavior of the splitting functions for z → 1, whereas the modifications at mall z h is dominated by the singular behavior of the splitting function for z → 0.
Let us first focus on the modification at large z h . A careful examination of the contributions from all possible processes shows that the dominant modification to the effective quark fragmentation function comes from the t-channel of double hard quark-quark scattering processes,
where the summation is over all possible quark and antiquark flavors including q i = q,q and ∆ q i (ℓ 2 T ) represents the contribution from virtual corrections. We have expressed the modification in a form that it is proportional to the matrix elements
as compared to the modification from quark-gluon scattering where the corresponding matrix element [Eq. (9) 
(x) and G N (x) are quark and gluon distributions, respectively, in a nucleon. This leading contribution to the modification from quark-quark scattering is very similar in form to that from quark-gluon scattering [see Eq. (7)]. However, it is smaller due to the different color factors C F /C A = 4/9 and the different quark and gluon distributions, f
Because of LPM intereference, small angle scattering with long formation time τ f = 1/x L p + is suppressed, leading to a minimum value of x L ≥ x A = 1/m N R A = 0.043 for a Kr target. For this value of x L , the ratio
at Q 2 = 2 GeV 2 according the CTEG4HJ parameterization [35] . Therefore, one has to include the effect of quark-quark scattering for a complete calculation of the total quark energy loss and medium modification of quark fragmentation functions.
In a weakly coupled and fully equilibrated quark-gluon plasma, quark to gluon number density ratio is ρ q /ρ g = n f (3/2)N c /(N 2 c − 1) = 9n f /16. An asymptotically energetic jet in an infinitely large medium actually probes the small x = q 2 T /2ET regime, where quark-antiquark pairs and gluons are predominantly generated by thermal gluons through pQCD evolution. In this ideal scenario one expects N q /N g ∼ 1/4C A = 1/12 and therefore can neglect quark-quark scattering. The modification of quark fragmentation function will be dominated by quark-gluon rescattering. However, for moderate jet energy E ≈ 20 GeV and a finite medium L ∼ 5 fm, parton distributions in a quark-gluon plamsa are close to the thermal distribution. In particular, if quark and gluon production is dominated by non-perturbative pair production from strong color fields in the initial stage of heavy-ion collisions [36] , the quark to gluon ratio is comparable to the equilibrium value. In this case, we should take into account the medium modification of the quark fragmentation functions by quark-quark scattering.
An important double hard process in quark-quark (antiquark) scattering is→ gg [Eq. (64)]. In this process, the annihilation converts the initial quark into two final gluons that subsequently fragment into hadrons. This will lead to suppression of the leading hadrons not only because of energy loss (energy carried away by the other gluon) but also due to the softer behavior of gluon fragmentation functions at large z h . Even though the leading behavior of the effective splitting function [Eq. (67)]
is not as dominating as that of t-channel quark-quark scattering, it is enhanced by a color factor 2C F = 8/3. One expects this to make a significant contribution to the medium modification at intermediate z h .
In high-energy heavy-ion collisions, the ratios of initial production rates for valence quarks, gluons and antiquarks vary with the transverse momentum p T . Gluon production rate dominates at low p T while the fraction of valence quark jets increases at large p T .
Quarks are more likely to fragment into protons than antiprotons, while gluons fragment into protons and antiprotons with equal probabilities. Therefore, the ratio of large p T antiproton and proton yields in p + p collisions is smaller than 1 and decreases with p T as the fraction of valence quark jets increases. Since gluons are expected to lose more energy than quark jets, one would naively expect to see the antiproton to proton ratiō p/p becomes smaller due to jet quenching. However, if the quark-gluon conversion due to→ gg becomes important, one would expect that the fractions of quark and gluon jets are modified toward their equilibrium values. The finalp/p ratio could be larger than or comparable to that in p + p collisions. Such a scenario of quark-gluon conversion was recently considered in Ref. [37] via a master rate equation.
The mixing between quark and gluon jets also happens at the lowest order of quarkantiquark annihilation as shown in Fig. 3 . At NLO, all hard-soft quark-quark (antiquark) scattering processes have this kind of mixing between quark and gluon fragmentation functions. Their contributions generally have the form,
where again the summation over the quark flavor includes q i = q,q. This mixing does not occur on the probability but rather on on the amplitude level since it involves interferences between single and triple scattering. Therefore, this contribution depends on the difference between gluon and quark fragmentation functions [Eq. (35) ] and can be positive or negative in different region of z h . Nevertheless, they contribute to the modification of the effective quark fragmentation function and the flavor dependence of the final hadron spectra.
Flavor dependence of the medium modified fragmentation
Summing all contributions to quark-quark (antiquark) double scattering as listed in Section 4, we can express the total twist-four correction up to O(α 2 s ) to the quark fragmentation function as
where the summation is over all possible q + a → b + X processes and all different matrix elements T
A(i)
qa (x, x L ) (i = HI, SI, I, I2), which will be four basic matrix elements we will use. The effective splitting functions P (i) qa→b (z) are listed in Appendix A-2. One should also include virtual corrections which can be constructed from the real corrections through unitarity constraints [18] .
Similarly, we can also write down the twist-four corrections to antiquark fragmentation in a nuclear medium,
where the matrix elements T
qa (x, x L ) and the effective splitting functions P
qa→b (z) can be obtained from the corresponding ones for quarks. Given a model for the two-quark correlation functions, one will be able to use the above expressions to numerically evaluate twist-four corrections to the quark (antiquark) fragmentation functions. In this paper, we will instead give a qualitative estimate of the flavor dependence of the correction in DIS off a large nucleus.
For the purpose of a qualitative estimate, one can assume that all the twist-four two-quark correlation functions can be factorized, as has been done in Refs. [18, 19, 23, 33] ,
where x A = 1/m N R A , m N is the nucleon mass, R A the nucleus size, f
is the antiquark distribution in a nucleon and C is assumed to be a constant, parameterizing the strength of two-parton correlations inside a nucleus. The integration over the position of the antiquark (y We should note that we set k T = 0 for the collinear expansion. As a consequence, the secondary quark field in the twist-four parton matrix elements will carry zero momentum in the soft-hard process. Finite intrinsic transverse momentum leads to higher-twist corrections. If a subset of the higher-twist terms in the collinear expansion can be resummed to restore the phase factors such as e ix T p + y − , where
, the soft quark fields in the parton matrix elements will carry a finite fractional momentum x T .
Under such an assumption of factorization, one can obtain all the two-quark correlation matrix elements:
In the last approximation, we have assumed
With these forms of two-quark correlation matrix elements, we can estimate the flavor dependence of the nuclear modification to the quark (antiquark) fragmentation functions.
The lowest order corrections [O(α s )] are very simple
We consider the dominant contribution from the fragmentation of a quark (antiquark) which is one of the valence quarks (antiquarks) of the final particle h (antiparticleh).
The gluon fragmentation functions into h andh are the same. For large z h , the gluon fragmentation function is always softer than the valence quark (antiquark) fragmentation [38] . Therefore, the lowest order twist-four corrections are always negative for large z h , leading to a suppression of the valence quark (antiquark) fragmentation function,
Consider those quarks that are also valence quarks of a nucleon:
One can find the following flavor dependence of the lowest order twist-four corrections to the quark (antiquark) fragmentation functions,
or
where
qv→h is the corresponding leading order suppression of the fragmentation function at large z h for proton (anti-proton) and K + (K − ). Since pions contain both valence quark and antiquark, the suppression factors should be similar for all pions. For [35] . Therefore, the modification of antiquark fragmentation functions due to quark-antiquark annihilation is significantly larger than that of a quark.
The flavor dependence of the NLO results are more complicated since they involve scattering with both quarks and antiquarks in the medium. One can observe first that effective splitting functions (or quark-quark scattering cross section) are the same for the t-channel qq
For identical quark-quark scattering or quark-antiquark annihilation, one can separate theannihilation splitting functions (or cross sections) into singlet and non-singlet contributions by singling out the t-channel contributions,
These singlet contributions to the modified fragmentation functions are,
where the summation over q ′ now includes q ′ =q and C (i) (x L ) are flavor-independent functions determined from Eqs. (77)-(79),
and C(x L ) is a common coefficient that is a function of x L . Using P
qq→b (z) , one can conclude that the singlet contributions to the modified quark and antiquark fragmentation functions are the same, ∆D
The non-singlet contributions, mainly from s-channel and s-t interferences, are,
where again ∆P
(z) due to crossing symmetry. We have listed all nonvanishing nonsinglet splitting functions ∆P
We again consider the limit z h → 1. In this region the convolution in the modified fragmentation function is dominated by the large z → 1 behavior of the effective splitting functions. From the listed ∆P
qq→b (z) in Appendix A-2, we can obtain the leading contributions,
where we have also neglected terms proportional to 1/N c . All ∆P
qq→q (z) are non-leading in the limit z → 1 and therefore can be neglected. With these leading contributions, the non-singlet modification to the quark and antiquark fragmentation functions can be estimated as
where ∆ 1 (ℓ T ) and ∆ 2 (ℓ T ) are from virtual corrections,
Because of momentum conservation, C(x L ) = 0 when x L → ∞ for z = 1. Therefore, the above virtual corrections are always negative. At large z h , these virtual corrections dominate over the real ones.
There are two kinds of non-singlet contributions in the expressions given above. One that is proportional to gluon fragmentation functions is due to quark-antiquark annihilation into gluons which then fragment. The fragmenting gluon not only carries less energy than the initial quark but also has a softer fragmentation function, leading to suppression of the final leading hadrons. The second type of contributions is proportional to D g→h (z h ) − D q→h (z h ) and therefore mixes quark and gluon fragmentation functions, similarly as the lowest order quark-antiquark annihilation processes [see Eqs. (80) and (81)]. Since a gluon fragmentation function is softer than a quark one, the real corrections from this type of processes are positive for small z h and negative for large z h . The virtual corrections have just the opposite behavior. Therefore, the second type of contributions will reduce the total net modification. For intermediate values of z h where 2D g→h (z h ) > D q→h (z h ), the net effect is still the suppression of the effective fragmentation functions for leading hadrons.
, we can conclude that the LO and NLO combined non-singlet suppression for antiquark fragmentation into valence hadrons is larger than that for quark fragmentation into valence hadrons. This qualitatively explains the flavor dependence of nuclear suppression of leading hadrons in DIS off heavy nuclear targets as measured by the HERMES experiment [25, 26] . The ratio of differential semi-inclusive cross sections for nucleus and deuteron targets were used to study the nuclear suppression of the fragmentation functions. It was observed that suppression of leading anti-proton is stronger than for leading proton and K − suppression is stronger than K + . In the valence quark fragmentation picture, the leading proton (K + ) is produced mainly from u, d (u) quark fragmentation while anti-protons come primarily fromū,d (ū) fragmentation. Therefore, HERMES data are consistent with stronger suppression of antiquark fragmentation.
Since gluon bremsstrahlung and the singleti (q i ) scattering also suppress quark and antiquark fragmentation, but independently of quark flavor, one has to include all the processes in order to have a complete and quantitative numerical evaluation of the flavor dependence of the nuclear modification of the quark fragmentation functions. Furthermore, the NLO contributions are proportional to α s ln(Q 2 )/2π. They are as important as the lowest order correction for large values of Q 2 . In principle, one should resum these higher order corrections via solving a set of coupled DGLAP evolution equations, including medium modification for gluon fragmentation functions. The contributions from quark-quark (antiquark) scattering derived in this paper will be an important part of the complete dscription. Detailed numerical study of the effect of quark-quark (antiquark) scattering will be possible only after the completion of this complete description in the future.
Summary
Utilizing the generalized factorization framework for twist-four processes we have studied the nuclear modification of quark and antiquark fragmentation functions (FF) due to quark-quark (antiquark) double scattering in dense nuclear matter up to order O(α 2 s ). We calculated and analyzed the complete set of all possible cut diagrams. The results can be categorized into contributions from double-hard, hard-soft processes and their interferences. The double-hard rescatterings correspond to elastic scattering of the leading quark with another medium quark. It requires the second quark to carry a finite fractional momentum x L . Therefore, the energy loss of the leading quark through such processes can be identified as elastic energy loss at order O(α 2 s ). The quark energy loss and modification of quark fragmentation functions are dominated by the t-channel of quark-quark (antiquark) scattering and are shown to be similar to that caused by quarkgluon scattering. The contribution from quark-quark scattering is smaller than that from quark-gluon scattering by a factor of C F /C A times the ratio of quark and gluon distribution functions in the medium. We have shown that such contributions are not negligible for realistic kinematics and finite medium size. The soft-hard rescatterings mix gluon and quark scattering, in the same way as the lowest order→ g processes. Such processes modifies the final hadron spectra or effective fragmentation functions but do not contribute to energy loss of the leading quark. For→ qq, gg processes, there also exist pure interference contributions mainly coming from single-triple-scattering interference.
With a simple model of a factorized two-quark correlation functions, we further investi-gated the flavor dependence of the medium modified quark fragmentation functions in a large nucleus. We identified the flavor dependent part of the modification and find that the nuclear modification for an antiquark fragmentation into a valence hadron is larger than that of a quark. This offers an qualitative explanation for the flavor dependence of the leading hadron suppression in semi-inclusive DIS off nuclear targets as observed by the HERMES experiment [25, 26] . 
Here we have included the fragmentation of both final-state partons.
The contributions from Fig. 6 are: 
Note that the central-cut diagram in Fig. 6 corresponds to the interference between t and u-channel of the→ gg annihilation processes in Fig. 5 . Since the splitting function is symmetric in z and 1 − z, a factor of 2 comes from the fragmentation of both gluons in the central-cut diagram.
The s-channel of→ gg is shown in Fig. 7 which has only one central-cut. Its contribution to the partonic hard part is,
Note that the splitting function 2(
is symmetric in z and 1 − z. Therefore, fragmentation of the two final gluons gives rise to the factor of 2 in front of the gluon fragmentation function. The interferences between t and s-channel of→ gg processes are shown in Figs. 8 and 9. There are only two possible cuts in these diagrams. The contributions from Fig. 8 are: Fig. 9 , which are just the complex conjugate of Fig. 8 , are:
One can collect all contributions of the double hard→ gg processes from the centralcut diagrams, which should have the common phase factor
and obtain the total effective splitting function in the hard partonic part,
(A-24) Fig. 10 . s-channel→ q iqi annihilation.
Here we define the effective splitting function for→ q iqi annihilation as,
Similarly, fori →i scattering with q i = q, there is only the t-channel as shown in Fig. 11 . There are, however, three cut diagrams. Their contributions to the partonic hard part are:
The twist-four two-parton correlation matrix element associated with the above quarkantiquark scattering is the quark-antiquark correlator,
and one should sum over all possible q i = q flavors. Note that in the above matrix element, the momentum flow for the antiquark (q i ) is opposite to that of the quark (q) fields.
For quark-quark scattering,i →i , the hard part is essentially the same. The only difference is the associated matrix element for the quark-quark correlator which is obtained from that of the quark-antiquark correlator via the exchange
Note that the momentum flows of the two quarks (q and q i ) point in the same direction.
The effective splitting function of this scattering process is defined through the fragmentation of the quark in the central-cut diagram,
For annihilation→into identical quark and antiquark pairs, in addition to the s-channel (Fig. 10 for q i = q) and t-channel (Fig. 11 for q i =q), one has also to consider the interference between s and t-channel amplitudes as shown in Figs. 12 and 13, each having two cuts. Their contributions to the hard partonic parts are, respectively: 
One can again collect contributions from the central-cut diagrams of the double scattering processes in Figs. 10, 11 12 and 13 and obtain the total effective splitting function for→ qq,
Here we have used C F − C A /2 = −1/2N c . For antiquark fragmentation, P qq→qq (z) = P qq→qq (1 − z). One can also obtain the above result from→scattering matrix squared as shown in Appendix A-3.
Similarly, for scattering of identical quarks→ qq, one should set q i = q in Fig. 11 [in Eq. (A-28) ]. In addition, one should also also include interference between t and u-channel of the scattering as shown in Fig. 14 . The contributions from such interference diagram are,
Note again that the fragmentation of both quarks contributes to the factor 2 in Eq. (A-45) since the splitting function is symmetric in z and 1 − z. The twist-four two-quark correlation matrix element associated with→scattering is
We can sum contributions from the double hard scattering in all the central-cut diagrams in Figs. 11 and 14 and obtain the total effective splitting function for→processes,
There are two remaining cut diagrams that contribute to the quark-antiquark annihilation at the order of O(α 
A-2 Effective splitting functions
In this Appendix, we list the effective splitting functions associated with each process qa → b and the double-hard (HI), hard-soft (SI) or their interferences (I, I2) according to Eq. (73). is the momentum of one of the final partons. With the given kinematics, the on-shell condition in the cross section can be recast as is what we have defined as the effective splitting function for the corresponding processes. One can therefore easily obtain these effective splitting functions from the corresponding matrix elements for elementary parton-parton scattering [39] . We will list them in the following. A common color factor for all quark-quark(antiquark) scattering is C 0 = C F /N c .
qq → q iqi annihilation: Comparing this result with that in Ref. [18] for the quark-gluon rescattering, we can see that they agree in the limit 1 − z → 0. This is a consequence of the collinear approximation employed in Ref. [18] in the calculation of the hard partonic part in quark-gluon rescattering. Here for gluon-parton scattering, there is no common color factor.
gg →annihilation,
gg → gg scattering
One can use this technique to extend the study of modified fragmentation functions to propagating gluons. Since the modification is dominated by quark-gluon and gluon-gluon scattering, comparing the effective splitting functions,
in the limit z → 1, one can conclude that a gluon's radiative energy loss is larger than a quark by a factor of N c /C F = C A /C F = 9/4. We will leave the complete derivation of medium modification of gluon fragmentations to a future publication.
